The DRB region of the human and great-ape major histocompatibility complex displays not only gene but also haplotype polymorphism. The number of genes in the human DRB region can vary from one to four, and even greater variability exists among the DRB haplotypes of chimpanzees, gorillas, and orangutans. Accumulating evidence indicates that, like gene polymorphism, part of the haplotype polymorphism predates speciation. In an effort to determine when the gene haplotype polymorphisms emerged in the primate lineage, we sequenced three cDNA clones of the New-World monkey, the cottontop tamarin (Saguinus Oedipus). We could identify two DRB loci in this species, one (Saoe-DRBl) occupied by apparently functional alleles (*0101 and *0102) which differ by only two nucleotide substitutions and the other (Saoe-DRBZ) occupied by an apparent pseudogene. The Saoe-DRB2 gene contains an extra sequence derived from the 3' portion of exon 2 and placed 5' to this exon. This sequence contains a stop codon which makes the translation of the bulk of the Saoe-DRB2 gene unlikely. Preliminary Southern blot hybridization analysis with probes derived from these two genes suggests that both the DRB gene polymorphism and the haplotype polymorphism in the cottontop tamarin may be low. In most individuals the DRB region of this species probably consists of three genes. Comparisons of the Saoe-DRB sequences with those of other primates suggest that probably all of the DRB genes found until now in the Catarrhini were derived from a common ancestor after the separation of the Catarrhini and Platyrrhini lineages. The extant DRB gene and haplotype polymorphism may therefore have been founded in the mid-Oligocene some 33 Mya.
Introduction
The primate major histocompatibility complex (Mhc) consists of two regions, I
and II, occupied by class I and class II loci, respectively, and separated by a region containing loci unrelated to the Mhc (Klein 1986 ). The class II region is divided into five subregions-DP, DN, DO, DQ, and DR-with the DP subregion being most proximal to the centromere (Carson and Trowsdale 35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  59  59  60  61  62  63  64  65  66  67  69 Sao. ___  ___  ___  -TT  -a  --_  -----C  ___  ___  _T_  ___  ___  =A_  Q__   69  70  71  72  73  74  75  76  77  70  79  00  01  62  63  64  95  66  07  88  69  90  91  92  93  94 Saoe-DRBl~OlOl QAQ CA0 *CA CQQ QCC QCQ QTQ (UC *CC TTC TQC *QA CAC AAC TAC Q&Q ATT TTA QAQ MO TTC CT* QTG CC0 COO AQA 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 146 148 150 151 152 153 154 155 156 157 158 159 160 161 162   Saoe-DRS1+0101  OTC MO  TQQ TTC CQQ MC  CUT CA0 QAQ QAQ AA0 QCT QQQ QTQ QTQ TCC hC& QQC CTQ *TC CM  AAT WA  QAC TQQ ACC TTC The DNA, DOB, and some B loci in the other subregions may not be expressed on the cell surface. The number of loci is constant in all the class II subregions, except the DRB. In the DRB subregion, variation in the number of loci has been demonstrated in humans (DuPont 1989) , chimpanzees Brandle et al., submitted) , gorillas (Kasahara et al. 1990) , and orangutans (C. Schdnbach and J. Klein, unpublished data) . In the human DRB subregion the number of B loci varies from one to four; in chimpanzees, gorillas, and orangutans, a single DRB haplotype (combination of genes on a single chromosome) can be occupied by an even larger number of loci.
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To work out, in the face of such striking instability of the subregion, the evolutionary relationships among the multiple DRB loci is a challenging proposition. There are two ways of meeting this challenge: by determining the sequences of genes and by elucidating the organization of haplotypes in different taxonomic groups. We have been using both approaches in an attempt to understand how the unprecedented and interesting haplotype variability of the primate DRB subregion arose. We sequenced a number of DRB genes at the HLA (human Mhc; Figueroa et al. 199 1; Vincek et al. 1992) , Patr (chimpanzee Mhc; Fan et al. 1989) , Gogo (gorilla Mhc; Vincek et al. 1992; Klein et al., accepted) , Popy (orangutan Mhc; C. Schijnbach and J. Klein, unpublished data), and Mane (pigtail macaque Mhc; Zhu et al. 1991) loci and have determined the DRB haplotype organization of individuals representing the chimpanzee (Brandle et al., submitted), gorilla (Kasahara et al., submitted) , and orangutan (C. Schonbach and J. Klein, unpublished data) species. In the present communication we describe the sequence of DRB genes from a New-World monkey, the cottontop tamarin (Saguinus Oedipus) as the first step toward deciphering the organization of the DRB subregion in this primate.
Material and Methods Animals
The SC2 cell line was derived by Epstein-Barr virus (EBV) transformation of peripheral blood lymphocytes of a cottontop tamarin (Saguinus Oedipus) from the colony at the New England Regional Primate Research Center (Southborough, MA). The colony was established from animals caught in the wild in Colombia, South America. The cell line was given to us by Dr. Norman L. Letvin (Harvard Medical School and New England Regional Primate Research Center, Southborough, MA) (Watkins et al. 1988) . The transformed B lymphocytes were grown in RPM1 1640 (Gibco, Karlsruhe, Germany) containing 1 ug phytohemagglutinin-I (Difco)/ml, heatinactivated fetal bovine serum (final concentration 10% v/v), 2 mM L-glutamine, 50 pM 2-mercaptoethanol, 20 mM HEPES, 40 lrg gentamycin/ml, 0.25 l_tg amphotericin B/ml, and 1 unit recombinant IL-2/ml. DNA was also isolated from kidneys of two other cottontop tamarins and of one saddleback tamarin (S. fuscicollis). These three tamarins were from The University of Kassel (Kassel, Germany). Chimpanzee DNA was isolated from the EBV-transformed cell line Hugo (Mayer et al. 1988) .
DNA Probes
The C4-2 probe was a 750Abp-long EcoRI fragment which contains the coding sequence of a chimpanzee DRB gene (Fan et al. 1989) . The 3' untranslated (3' UT) region probes were a 330-bp-long HindIII/EcoRI fragment of the human DRBl gene (Rollini et al. 1985) and a 285-bp-long EcoRI/SalI fragment of the human DPB gene [provided by Professor Bernard Mach, (Department of Microbiology, University of Geneva, Switzerland)]. Both probes were cloned to the pSP65 vector (Promega Biotec, Madison, WI; see Melton et al. 1984 ).
Preparation of a cDNA Library
Total RNA was prepared according to the method of Auffray and Rougeon (1980) . Poly (A)+ RNA was isolated using a kit from Pharmacia LKB (Freiburg, Germany). The cDNA was synthesized, and EcoRI adaptors were added to it with the aid of a cDNA synthesis kit (Pharmacia). The cDNA library was constructed in the gt 10 vector (Stratagene, Heidelberg). The ligated cDNA was packaged into 1 phages by using the Stratagene packaging kit, and the phages were then used to infect Escherichia coli C600 Hfl -bacteria. The complexity of the library was 8 X lo5 plaque-forming units (PFUs). The library was amplified once to 1.5 X 10" PFUs.
Screening of the cDNA Library
Replicate nitrocellulose filters containing cDNA from -2.5 X lo5 PFUs were screened with the C4-2 probe labeled by the random-primer method (Feinberg and Vogelstein 1983 ) to specific activity of 1 X lo9 cpm/yg. 
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5.-Amino acid sequence of DRB molecules (i.e., p 1 domain) translated from nucleotide sequences of DRB genes. The species origins (and references) of the sequences are as follows: Bota, domestic cattle (Groenen et al. 1990 ); Cufi, domestic dog (Sarmiento et al. 1990 ); Suoe, cottontop tamarin (present paper); Mane, pigtail macaque (Zhu et al. 1991) ; Parr, chimpanzee (Fan et al. 1989 ); and HLA, human (Marsh and Bodmer 1990) . A dash (-) indicates identity with the consensus sequence, a dot (.) indicates unavailability of sequence information, and an asterisk (*) indicates a deletion. The sequence is given in the international one-letter code. Saitou and Nei (1987) . Genetic distances were determined from corrected synonymous substitution rates, separately estimated in the coding regions (167 sites; method of Li et al. 1985) and in the 3' UT region (200 sites; method of Kimura 1980) . Genetic distances (in substitutions per site) are shown. Distances between major groups were calculated by the method of Nei and Jin (1989) and are shown (with standard errors) on the vertical lines linking appropriate nodes. The references for the sequences (in the order as they appear in the dendrogram, from top to bottom) are Saoe-DRBI*OlOl and Saoe-DRB2 (present paper), HLA-DRB4*0101 (Andersson et al. 1987) , HLA-DRB2 (Rollini et al. 1987; Vincek et al. 1992) , HLA-DRBVI (Figueroa et al. 1991) , P&r-DRB2 (Vincek et al. 1992) , Gogo-DRB2 (Vincek et al. 1992) , Patr-DRB6 (Figueroa et al. 1991) Gogo-DRB8 (Klein et al., accepted) , HLA-DRBVIII and HLA-DRBVII (Andersson et al. 1987) , HLA-DRB1*0301 (Gustafsson et al. 1984 ) HLA-DRBI*I201 (Navarrete et al. 1989 ), HLA-DRBl*lOOl (Gustafsson et al. 1984) , Mane-DRB4*04 (Zhu et al. 1991 ) HLA-DRB3*0201 (Long et al. 1983 ) HLA-DRBl*lSOl (Lock et al. 1988) , HLA-DRBl*OlOl (Bell et al. 1985) , Putr-DRBS*Ol (Fan et al. 1989 ), HLA-DRBS*OfOl (Lock et al. 1988) , Gogc-DRBS*Ol (Kasahara et al., submitted), HLA-DRBI*0404 (Gregersen et al. 1986 ),
HLA-DRBl*0701 (Young et al. 1987) , and Cufa-DRBI (Sarmiento et al. 1990 ).
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prehybridized with 250 pg salmon sperm DNA/ml in 50% formamide, 5 X SSPE [ 1 X SSPE = 150 mM NaCl, 10 mM NaH$O~ X H20, 1 mM ethylenediaminetetraacetic acid (EDTA), disodium salt dihydrate, pH 7.41, 5 X Denhardt's solution, and 0.2% sodium dodecyl sulfate (SDS), at 42°C for 12-16 h. Hybridization was carried out as above but with 100 p.g salmon sperm DNA/ml and with the radiolabeled C4-2 probe at a concentration of lo6 cpm/ml. The filters were washed twice in 2 X SSPE and 0.1% SDS at 55°C for 20 min and for another 20 min in 0.2 X SSPE and 0.1% SDS at 52°C. Positive plaques were purified after the second screening.
DNA Sequencing
Isolated cDNA clones were subcloned into the pBluescript SK+ and KS' phagemid vectors (Stratagene). Single-stranded DNA was isolated by following the Stratagene protocol. Both strands of three clones were sequenced by the dideoxy chain-termination method (Sanger et al. 1977 ) using the Sequenase kit version 2.0 (United States Biochemical, Cleveland) and a3'S dATP (Amersham Buchler, Braunschweig, Germany). Oligonucleotide primers were used for sequencing parts of the clones; they were Tu82-3' CTGAACCATCGGCAACCA 5', specific for the DRB 3' UT region; Tu72-5' AG-GAGTACTGGAACAGCC 3, specific for the DRB exon 2; T&3-3' ACAGAGCA-GACCAGGAGG 5', specific for the DRB exon 3; and Tu90-5' GAGAGGTTTA-CACCTGCCA 3', specific for the DRB exon 3.
Sequence Analysis
The UWGCG package (Devereux et al. 1984) was used for the alignment of sequences and computation of nucleotide similarities. Phylogenetic trees were constructed using the neighbor-joining method of Saitou and Nei (1987) . Genetic distances were calculated by the two-parameter method (Kimura 1980) for the noncoding regions and by the LWL method (Li et al. 1985) for coding regions.
Southern Blot Analysis
Genomic and recombinant DNAs were digested and electrophoresed in 0.8% and 1% agarose gel, respectively, according to methods described elsewhere (Southern 1975; Sambrook et al, 1989, pp. 6.3-6.15 ). The DNA was blotted to nylon filters (Amersham Buchler) by using the vacuum blotting system with 20 X SSC (1 X SSC = 250 mM NaCl and 15 mM sodium citrate, pH 7.0). Prehybridization of filters was carried out in 50% formamide, 5 X SSPE, 5 X Denhardt's, 0.2% SDS, and 250 yg salmon sperm DNA/ml at 42°C for 4-l 2 h. Hybridization was carried out for 12-16 h as above but with 100 pg salmon sperm DNA/ml. Filters were washed twice in 2 X SSPE and 0.1% SDS at 50°C for 20 min and for another 20 min in 0.2 X SSPE and 0.1% SDS at 50°C.
Results and Discussion
A cottontop tamarin cDNA library containing 2.5 X lo5 PFUs was screened with the DRB-specific probe C4-2. More than 100 positive signals were obtained in both replicates. Twenty-six plaques that produced the strongest hybridization signals were selected for further work. After a rescreening, DNA was isolated from 20 positive plaques, was digested with J&RI, and was hybridized with the C4-2 probe. The same filters were also hybridized with the 3' UT-, DRB-, and DPB-specific probes. The hybridization revealed that 15 clones containing inserts 1 .O-1.1 kb in length represented DRB genes. Restriction mapping showed that the clones belonged to three groups, the representatives of which were then subcloned in the pBluescript SK+ and KS+ vectors and partially sequenced. Since clones from the same group proved to have the same sequence in their 5' UT or 3' UT regions, we selected one clone from each group (clones 4-1, 2-1, and 9-2) for complete sequencing.
The lengths of the sequences obtained were 1,162 bp (clone 2-l), 1,087 bp (clone 4-l), and 1,102 bp (clone 9-2; see fig. 1 ). Clones 4-1 and 2-1 proved to be quite similar in their sequences; clone 9-2 was somewhat unusual and will therefore be discussed separately. By comparing the sequence of the 4-1 and 2-1 clones with that of other primate DRB genes, we could identify short 5' UT regions (5 and 30 bp, respectively) followed by segments coding for the leader sequence (29 codons), pl domain (94 codons), p2 domain (94 codons), connecting peptide (10 codons), transmembrane region (23 codons), cytoplasmic domain ( 17 codons), and the 3' UT (27 1 and 32 1 bp, respectively). Clone 2-l contains a putative polyadenylation signal (ATTAAA); the 4-l sequence apparently ends before reaching this site. The 2-l and 4-1 sequences differ at two positions only: in codon 25, where 2-1 has CGC and where 4-1 has CGG (this is a synonymous substitution, since both codons specify arginine), and in codon 37, where 2-1 has TTG and where 4-1 has TTC (this is a nonsynonymous substitution, since TTG specifies a leucine and since TTC specifies phenylalanine). Hence the proteins specified by the two clones (provided that the corresponding genes are translated) differ in only one amino acid residue. We assume therefore that the 2-l and 4-1 sequences are alleles at the same locus and designate them, in accordance with the rules for primate Mhc nomenclature ), Saoe-DRBl*OlOl and Saoe-DRBI*Ol02 (Saoe is the abbreviation for Saguinus Oedipus). Of the 15 independently isolated clones, seven were found to belong to the 2-1 group and six were found to belong to the 4-1 group.
The 9-2 clone is unusual in that its sequence, which should specify the leader and the beginning of the pl domain, has, in fact, no significant similarity to the leader sequence of any other DRB gene. The remainder of the sequence, on the other hand, reveals that 9-2 is a bona fide DRB gene. Closer analysis of the 9-2 sequence indicated that the clone is a hybrid in which part of the putative exon 2 has apparently been duplicated ( figs. 2 and 3) . The clone begins with a sequence corresponding to nucleotides 176-270 (the end of exon 2) and then continues with a sequence corresponding to the entire exon 2 (fig. 3) . The extra 94nucleotide stretch is not identical with the 176-270 stretch of exon 2; the best alignment of the two segments requires the introduction of two single-nucleotide gaps in the extra sequence, and even then the two stretches differ by 23 substitutions. The extra sequence is not a cloning artifact-first, because it has been found in two independently isolated clones and, second, because it differs from the homologous sequence at the end of exon 2. The latter observation also rules out the possibility that the extra sequence is the product of some splicing acrobatics. Obviously, the two stretches have evolved independently from each other for a considerable length of time. We therefore favor the explanation that the extra sequence arose from exon 2 by duplication in the chromosome and that this event occurred a long time ago. How long the duplicated region actually is will have to be determined by analysis of genomic clones: it may turn out to include the entire exon 2. Since the duplicated segment thus far sequenced is more similar to exon 2 of the 2-l and 4-l clones (20 substitutions or deletions/94 nucleotides) than to that of the 9-2 clone (23 substitutions or deletions/94 nucleotides), it may have arisen by unequal crossingover involving 9-2 and another gene. The duplicated region may be immediately adjacent to exon 2 at its 5' end, or it may be separated from it by an intervening sequence; this, too, needs to be determined by genomic analysis. However, the extra sequence ends with a stop codon, and the rest of the gene does not appear to be abnormal. It is nevertheless unlikely that the translation process could resume at the beginning of exon 2 once it has been terminated at the end of the extra sequence. Clone 9-2 is therefore probably a pseudogene. If the 4-1 and 2-1 sequences are alleles, as postulated earlier, then the 9-2 pseudogene must occupy a locus different than Suoe-DRBI; we designate this locus Saoe-DRB2.
Since no other transcripts besides these three were found in the cDNA library, the cottontop tamarin appears to have only one functional DRB locus. In concordance with this conclusion, Southern blot hybridization with a probe specific for the DRB 3' UT region revealed just three hybridizing fragments in the tamarin genomic DNA digested with EcoRI or Hind111 restriction endonucleases ( fig. 4 ; seven bands were found after hybridization with a probe encompassing the entire DRB coding sequence, but such a probe is known to cross-hybridize with genes from other subregions, such as DPB). Hybridizations with DNA from two other animals, which were obtained from a source different from that of the SC2 cells, gave similar restriction-fragment patterns. This could be a hint that the DRB polymorphism in the cottontop tamarin, like that of the class I loci (Watkins et al. 1988) , is rather limited. The observation that the two alleles at the Suoe-DRBI locus differ by only two substitutions is in agreement with this assumption (alleles at highly polymorphic Mhc loci often differ by > 100 substitutions; see Klein and Figueroa 1986) . Hybridization with DNA from another species, the saddleback tamarin (S. fuscicollis), also produced a restriction pattern not too different from that of S. Oedipus (fig. 4) , suggesting that low polymorphism may not be limited to a single species.
Interspecies comparisons reveal the predicted amino acid sequence of the Suoe-DRB molecules to be unique and characteristic of the cottontop tamarin ( fig. 5 ). Species-specific residues appear to be located at positions 17, 84, 85, 86, 88, 90, 135, and 187 . Particularly characteristic is the motif Glu-Ile-Lcu-Glu-Arg-Phe-Leu at positions 84-90 in the pl domain of the protein, a motif which does not occur in any other sequence thus far obtained. A characteristic insertion of four nucleotides (TGCC) occurs in the 3' UT region at position 38; this feature, too, is restricted to the tamarin sequences. Most of the substitutions are concentrated around positions that are also highly variable in intraspecies comparisons, particularly in the pl domain, and that are believed to be part of the peptide-binding region (PBR; Brown et al. 1988 ) but a few are also found outside this region.
A sample of known primate DRB sequences was used to calculate genetic distances and to construct dendrograms depicting possible evolutionary relationships among the genes. Maximum-parsimony methods of tree construction were also used, but since they revealed, in principle, the same relationships as did the distance methods, they will not be discussed further. Because not all the genes in the sample have been sequenced completely, trees were constructed for different groups, with each group containing sequences of similar length. Trees were also constructed separately for synonymous and nonsynonymous sites, for stretches including or excluding the PBR, and for the different domains of the molecules encoded in the genes. When we used the canine sequence as a reference the three Saoe-DRB sequences appeared, in most of these trees, as an outgroup of all the remaining primate sequences in the sample. The only exception was the cluster of genes HLA-DRBZ, PaWDRB2, Gogo-DRBZ, HLA-DRBVZ [all four of which are closely related pseudogenes of humans (HZ& chimpanzee (P&r), and gorilla (Gogo)], and the HZADRB4 gene. These five genes diverged before the separation of the Suoe genes in some of the trees and after the separation of the Suoe sequences in other trees, depending on the sites included in the comparisons. The pseudogenes seem to have been nonfunctional for a long time (Figueroa et al. 1991; Vincek et al. 1992; Klein et al., accepted) and may therefore have accumulated disproportionately more substitutions than have the functional genes. The fact that, when only synonymous sites are used for the comparisons (see fig. 6 ), the Suoe sequences appear consistently as an outgroup indicates that even the pseudogenes separated after the divergence of the Saoe genes. The HLADRB4*0101 is, however, a functional gene (Andersson et al. 1987 ) and apparently one of the oldest in the HLA-DRB system (Klein et al., accepted) . But because it clusters with the pseudogenes in trees based on synonymous sites, we conclude that it, too, emerged after the separation of the Suoe lineage. Hence all the DRB genes thus far found in humans, apes, and Old-World monkeys can apparently be traced back to a single gene that existed after the splitting of the Catarrhini and Platyrrhini -36 Mya (Martin 1990, p. 46) . If the single species of the New-World monkeys analyzed here can be regarded as a representative of the entire group, the data seem to suggest that before the emergence of Catarrhini the DRB region may have been as simply organized and as stable as the other class II regions appear to be in all primates. During the emergence of the hominoid line -33 Mya, the DRB region seems to have been destabilized and thus became prone to variation in the number of genes, reorganization of genes, and generation of pseudogenes. Thus the foundation for the extant haplotype polymorphism present in the great apes and humans may have been laid in the middle of the Oligocene. The beginning of the DRB gene polymorphism can also be traced back to the same period (Satta et al., submitted) . It seems, therefore, that both the haplotype and the gene polymorphism of the DRB genes was established at approximately the same time, some 33 Mya.
